Abstract-In this paper we propose an interleaved spread spectrum orthogonal frequency division multiplexing (ISS-OFDM) system for achieving both frequency diversity and time diversity and investigate the system performance over frequency selective fading channels. The purpose is to exploit the diversity capability of OFDM systems, develop efficienct spectrum spreading technique and improve the system performance against frequency selective channel fading. At the transmitter, the ISS-OFDM signal is generated by employing spread spectrum modulation and interleaving techniques. At the receiver, the received signals are combined by using maximum ratio combining (MRC) technique. The simulation indicates that the ISS-OFDM system has improved performance in multipath fading channels. Another unique characteristic is that the spectrum spreading factor and diversity order provided by the system are reconfigurable to achieve cognitive communications.
I. INTRODUCTION
Frequency selective fading is a dominant impairment in wireless communications. The channel fading reduces received signal-to-noise ratio (SNR) and degrades the bit error rate (BER). It also causes channel delay spread and introduces inter-symbol interferences (ISI) [1] . To combat the frequency selective fading in wireless communications, diversity techniques must be resilient [2] . Orthogonal frequency division multiplexing (OFDM) technique as one of the multi-carrier transmission techniques has extended the symbol duration and effectively reduced the ISI by inserting cyclic prefix, which is greater than the channel delays, before the signal is transmitted to the channel. OFDM has been considered in a wide range of applications in recent years, but its diversity potentials have not been fully exploited yet.
Driven by OFDM applications against channel fading and by enabling multipath diversity, some different forms of OFDM systems with different diversity techniques have been proposed, such as the multiple-input multiple-output OFDM (MIMO-OFDM) systems [3] , the frequency diversity OFDM (FD-OFDM or AFD-OFDM) systems [4] , and the spreadspectrum multiple-carrier multiple-access (SS-MC-MA) [5] . Among these systems, the MIMO-OFDM is one of the most typical ones. It adopts a very commonly used method for achieving spatial diversity by employing multiple antennas at the both ends of wireless links. It holds the potential to drastically improve the spectral efficiency and link reliability in future wireless communications systems, and is regarded as a particularly promising candidate for next-generation fixed and mobile wireless systems. However, an open issue for MIMO-OFDM systems is on realizing that promising technique in real time [6] . The other two methods, FD-OFDM and SS-MC-MA, use the same way of multiplying the transmitted data stream by an orthogonal spreading code before modulation in order to achieve frequency diversity. The spectrum spreading is accomplished by putting the same data on all parallel subcarriers, producing a spreading factor equal to the number of subcarriers. Although these systems enable full multipath diversity, they need a large number of side information transmission, which causes considerable rate loss [7, 8] .
In this paper we propose a method for achieving both time diversity and frequency diversity and the corresponding receiver algorithm for diversity combining. The proposed system is called interleaved spread spectrum orthogonal frequency division multiplexing (ISS-OFDM) system. In this system, both time diversity and frequency diversity are enabled by a spread spectrum modulation and interleaving technique, rather than using multiple antennas, orthogonal codes, or other side information. At the transmitter, each data symbol modulates the corresponding subcarriers multiple times, and several replicas bearing the same data information can be obtained. The replicas of the same data information are interleaved into serial sequence and then transmitted in different time slots, instead of being added together. Thus, time diversity is achieved since the replicas of a data symbol are placed in different time slots. The interleaving operation also results in signal spectrum being expanded into multiple subbands, each of which contains the same data information, so that frequency diversity is achieved. After frequency selective channel fading, the receiver can collect signal energy from several signal subbands by using maximal ratio combining (MRC) techniques. Thus, the probability that all signal components fade simultaneously is reduced considerably, leading to great system performance improvement.
The paper is organized as follows. First, the system model is described in Section II. Then, the OFDM signal generation process with both time diversity and frequency diversity is described in Section III, where the signal diversity characteristics are analyzed in frequency domain and time domain. In Sections IV, the corresponding receiver models are proposed. Section V is devoted to system performance simulation and discussion, in which the system average bit error probability and computational complexity are given. Finally, conclusions are drawn in Section VI. Fig. 1 displays the ISS-OFDM baseband system model. We assume that the data bit to symbol mapping scheme is quadrature phase shift keying (QPSK), the channel is frequency selective with slow fading, and the noise is additive white Gaussian noise (AWGN) with zero mean. A cyclic prefix (CP) is also added to preserve the orthogonality of the subcarriers and eliminate intersymbol interference (ISI) between consecutive ISS-OFDM symbols.
II. SYSTEM MODEL
Under the above assumptions we now describe the function of each module showed in Fig. 1 . The function of the transmitter is to generate an ISS-OFDM signal with time and frequency diversities. The complex QPSK data symbols to be transmitted are first divided into an N by 1 vector, where N is the number of subcarriers. This vector modulate N subcarries in parallel by using a spread spectrum modulation technique, which we called as complex exponential spreading (CES), and then the spread signals are interleaved to form an ISS-OFDM symbol of N 2 samples. After cyclic prefix insertion and filtering, the ISS-OFDM signal y(m) (also represented by Y (k) in the frequency domain) with spectrum spreading is transmitted into the frequency selective multipath fading channel with impulse response h(m) (denoted as H(k) in the frequency response ). Meanwhile, the AWGN noise v(m) (denoted as V (k) in the frequency domain) is added to the signal. After distorted by the fading channel, the signal is filtered and CP removed, and then demodulated. The output of the demodulator is equalized and combined to form a decision variable U k by employing maximal ratio combining (MRC) technique.
As we all know, when signals are propagated in a frequency selective multipath fading channel, the presence of reflecting objects and scatters in the channel creates a constantly changing environment that dissipates the signal energy in amplitude, phases and time. These effects result in multiple versions of the transmitted signal, which are received by the receiver at different times from different multipaths, displaced with respect to one another in time and spatial orientation. We may assume that the transmitted ISS-OFDM signal bandwidth B ISS−OF DM is greater than the coherence bandwidth ( f ) c , B ISS−OF DM ( f ) c thus,the channel can be considered as frequency-selective fading channel. The channel model can be expressed in the form
where α i (m) is the multipath fading channel attenuation factor on the m th path and m i is the propagation delay for the 
After the transmitted signal, denoted as y(m), is passed through the fading channel, the received equivalent low-pass signal is viewed as the convolution between h(m) and y(m) plus noise as follows
where v(m) represents the complex-valued white Gaussian noise process corrupting the signal. In frequency domain Equation (2) is equivalent to the output of FFT demodulator,
where Fig. 2 shows the transmitter model, which indicates the generation process of ISS-OFDM signal with the time diversity and frequency diversity. Let a i (i = 0, 1, · · · , N) denote the i th complex-valued symbol of theN QPSK symbols required to be transmitted. The N QPSK symbols are modulated by the CES modulator, and then interleaved by the interleaver to form ISS-OFDM signal with time diversity and frequency diversity. Time diversity is achieved by CES modulation and frequency diversity is obtained by interleaving.
III. DIVERSITY IN ISS-OFDM SIGNALS

A. Transmitter Model
B. Time Diversity of ISS-OFDM system
After serial to parallel converter the N × 1 parallel QPSK symbols modulate the corresponding N subcarriers. If the ISS-OFDM symbol period is T s , f i = 
In ISS-OFDM symbol duration T s , each element of the N × 1 data symbol vector modulates the same corresponding subcarrier N times, so that N elements in the vector generate an N ×N matrix after modulation. In consequence, N replicas of each data symbol are produced in symbol duration T s by CES modulation, and the time diversity of the ISS-OFDM symbol is achieved. Fig. 3 displays the process of achieving time diversity in the ISS-OFDM system.
C. Frequency Diversity of ISS-OFDM Signals
After CES modulation, the N × N samples are shifted in time and placed on different time slots to form a serial sequence of length N 2 in the time domain. This operation is a process of interleaving. Here, different interleaving algorithms can be employed such as pseudo random interleaving, periodic interleaving and convolutional interleaving. In the following, we discuss the periodic interleaving process. The periodic interleaving can be realized by shifting N modulated subcarriers on a different time slots and adding them together. For instance, the i th subcarrier of the N subcarriers is shifted by i·τ , where τ is the sampling interval, τ = Ts N 2 . Then, the N shifted subcarriers are added together to form one ISS-OFDM symbol with N 2 samples. The m th sample in the ISS-OFDM symbol, denoted by y(m), m = nN + i = 0, 1, · · · , N 2 − 1, can be mathematically written as follows,
The mathematical equations above can be interpreted as follows. All N samples in a column of the N × N matrix are taken out from the N × N matrix, shifted in time, and then placed in different time slots, instead of being superimposed together as in conventional OFDM systems. Due to the shifting in time for each sample, the phase of each subcarrier is shifted. In frequency domain, the signal spectrum is expanded to N subbands, each of which contains N orthogonal subcarriers modulated by the same transmitted data symbols. Therefore, the ISS-OFDM signal's frequency diversity is obtained. Fig. 4 displays the spectrum of an ISS-OFDM signal with N = 4 subcarriers. It is seen that the modulated data symbol on the i th (in case of i = 1, 2, 3, 4) subcarrier appears in all N subbands.
Mathematically, the frequency domain representation of the ISS-OFDM signal with frequency diversity can be obtained by performing FFT operation on signal in time domain.
Substituting y(nN +i) from Equation (5) into Equation (6),we have
Substituting y i (n) from Equation (4) into Equation (7) yields 
where i, p = 0, 1, · · · , N − 1. Equation (9) indicates that each data symbol a i is modulated on the i subcarrier in every subband, and the signal spectrum is spread N times. Fig. 4 shows the spectrum of the ISS-OFDM signal with subcarriers number N = 4.
IV. DIVERSITY COMBINING OF ISS-OFDM SIGNALS
At the receiver, the received signal is firstly filtered by using a root raised cosine filter. The filter is matched to the transmitter filter, so that the overall effect of filtering is that of a raised cosine filtering. The passband of the receiver filter is designed to be flexibly reconfigurable according to the system requirements. One or more subbands of received signal can be selected through receiver filter. Assuming that all the subbands of the received signal are passed through the filter, the diversity combining can be conducted as follows.
A. Frequency Domain Representation of Received Signal
Substitute Y (k) from Equation (8) into Equation (3), the received diversity signal at the input of the receiver in frequency domain is rewritten as follows
where
N 2 (pN +i)i , and p = 0, 1, · · · , N. That is,
(11) Fig. 5 displays the receiver model for demodulation and diversity combining, which is realized by using N parallel FFTs, each of which is of size N . To obtain the output of each FFT operation, we begin with the received signal in time domain and split the signal into N groups, each of which is demodulated by a FFT operation of size N . From Equation (10) and (11), the time domain received signal at the input of the receiver can be alternatively expressed after performing the IFFT operation of size N 2 on R(k) , which is written as
B. Parallel Demodulation by FFT
The received signal r(m) can be deinterleaved into N streams. Each stream r i (n), i = 0, 1, · · · , N − 1 can be expressed as
where k = 0, 1, ..., N − 1,
and
Equation (13) indicates that the output signal on each stream of demodulator equals the corresponding transmitted signal a k multiplied channel attenuation factor θ i,k . Substituting θ i,k , and ν i,k into Equation (13), we obtain the simplified expressions, 
C. Diversity Combining
Before diversity combining is performed, the demodulated signals must be equalized. Referring to Equation (14), the equalized signal is
Since θ i,k are mutually statistically independent, MRC combination is used to generate decision variable U k ,
D. Diversity Performance
For a fixed set of {θ i,k }, the decision variable U k is Gaussian with mean
Since {θ i,k } is fixed and ν i,k is Gaussian distribution with mean equals to zero, E For these values of the mean and variance, the probability that U k is less than zero (assuming a k > 0), i.e., bit error rate (BER), is simply
where the signal to noise ratio (SNR) per sample, is given as
The final step in this derivation is to statistically average the conditional error probability P U given in Equation (15) over the fading variable C =
Thus, we evaluate the expectation of P U as
where E C (·) denotes the expectation of the conditional error probability over the fading channel statistics C.
V. SYSTEM PERFORMANCE
A. Scalability of Diversity
A distinct feature in the ISS-OFDM system is the scalability of the signal diversities. Since the signal spectrum is very wide and contains N subbabds, each of which contains the same data information, any one or more subbands can be used to demodulate the transmitted information according to the system requirement and channel condition. At the transmitter, if we configure the transmitter filter so that the signal spectrum is spread M times, M L, where L is the length of multipath channels, the system frequency diversity order would be M . The diversity order can be achieved dynamically by adjusting the parameters of modulation and filters, and the diversity capability of the ISS-OFDM system is dependent on the number of subbands or spreading factor. If the number of the subcarriers of the ISS-OFDM is N , then the maximum spectrum spreading factor is N and the maximum diversity capability of ISS-OFDM system is N . The more the diversity capability is provided by the system, the better BER performance the system can achieve. However, if the diversity capability provided by the system is more than the channel multipath L, the extra diversity capability provided by the system is redundant. That is to say, if M > L the diversity of the ISS-OFDM system is limited to the channel multipath length L.
The proposed ISS-OFDM can be used to achieve cognitive communications with dynamic subband allocation. If some of the subbands are interfered by other systems, the ISS-OFDM system can jump to other not-interfered subbands to complete communications and effectively avoid interference. As indicated in Fig. 6 , the system can realize communications by avoiding interference bands or by using some spectrum holes.
B. BER Performance
In Equation (16) , we derived the BER performance of the ISS-OFDM system, when the ISS-OFDM transmitted signal y(m) contains N subbands. The system scalability can be developed by reducing the N subbands of the transmitted signal to M subbands if M ≤ N . If the transmitted signal y(m) contains M subbands of the transmitted bandwidth, each containing N subcarriers, then the total number of samples is M × N . We assume the signal power per sample is σ 
Substituting SNR in Equation (17) into Equation (15), the bit error probability can be expressed by Q function as follows, Fig. 7 displays the BER performance of the ISS-OFDM system simulated according to Equation (18). We obtain system BER performance of the ISS-OFDM system with the number M equal to 1, 2, 4, 8, 16 and 32 respectively. It is seen that with the number of subbands increasing, the diversity increases and the system BER performance is improved distinctively. When the number of subbands increases to the number of subcarriers, M = N , the lower bound of the diversity performance is reached.
VI. CONCLUSION
In this paper, we have exploited the time diversity and frequency diversity of the ISS-OFDM system and investigated its BER performance. The investigation indicates that, by exploiting the diversity provided by the ISS-OFDM system, the performance in terms of BER is improved effectively. The combination of spread spectrum modulation and interleaving techniques is an efficient way of achieving frequency diversity and implementing spread spectrum communications. Furthermore, compared with other previous spread spectrum OFDM systems, ISS-OFDM signal is superior in terms of BER, peakto-average power ratio, reconfigurable system structure, and flexible system bandwidth usage. The proposed method of achieving diversity in ISS-OFDM system can be used in ultrawide band communications. It is also expected to be used in cognitive radio adaptive modulation techniques [9] .
